ation induced by HGF indicates different intracellular signal transduction pathways. We suggest that pp60c-src Background. As a renotropic cytokine, hepatocyte growth factor (HGF ) prevents acute renal failure and plays a key role in mediating the mitogenic and motogenic action of HGF, whereas tubulogenic cell accelerates renal regeneration. HGF initiates its biological effects by interaction with specific transmembrane differentiation induced by HGF is transduced by a pp60c-src-independent signalling pathway. receptors, the c-Met proto-oncogene, possessing an intracellular tyrosine kinase domain. We tested the
derived from rabbit kidney, were cultured under Introduction defined serum-free conditions to examine the biological effects of exogenously added HGF. By specific assays, Acute renal failure is a relatively common and potenwe determined HGF binding and its effects on cell tially life-threatening event [1] . Since growth factors proliferation, migration, scattering and tubulogenic play an important role in the regeneration of damaged differentiation. To investigate whether HGF action renal tubular epithelium [2] , they might be effective could be inhibited by protein tyrosine kinase inhibitors drugs to avoid or limit renal failure and to accelerate (PTKIs), cells were incubated with HGF and different renal repair. concentrations of herbimycin A, genestein, methyl-2,5-Hepatocyte growth factor (HGF ), belonging to the dihydroxycinnamate (MDC ) and geldanamycin. All plasminogen-related growth factors, was first detected PTKIs are known inhibitors of pp60c-src, a non-receptor in serum of partially hepatectomized rats, promoting tyrosine kinase involved in cell growth control. liver regeneration [3] . HGF is a mesenchymal cellResults. HGF bound with high affinity to cell memderived disulfide-linked heterodimeric protein combrane receptors and displayed multiple biological posed of a 69 kDa a-chain and a 34 kDa b-chain [4] . effects. Compared with serum-free controls, HGF HGF acts as a multifunctional cytokine on a number increased the number of microvilli 1.5-fold, enhanced of cell types via high affinity binding to the receptor cell proliferation and migration 1.8-fold, and stimutyrosine kinase c-Met which is a 190 kDa heterodimer lated the formation of tubular structures 2.3-fold.
of an extracellular 50 kDa a-subunit covalently linked Consistent with the known tyrosine kinase activity of to a transmembrane 145 kDa b-subunit [5, 6 ] . It has the c-Met receptor, the mitogenic and motogenic effects been proposed that the complex biological effects of of HGF were inhibited by PTKIs in a dose-depend-HGF on different target cells might be mediated by ent manner with the following order of potency: different intracellular signal cascades rather than by geldanamycin>herbimycin A>genestein>MDC. In different receptors [7, 8] . contrast, however, the HGF-induced tubulogenic cell HGF is suggested to be an important renotropic differentiation was not inhibited specifically by PTKIs.
factor. After unilateral nephrectomy, endogenous Conclusions. The finding that PTKIs inhibited the HGF stimulates proliferation of renal tubular cells in mitogenic response but not the tubulogenic differentithe remaining kidney [9] . In experimental acute renal failure, exogenous HGF stimulates renal tubular cell renotropic effects. Madin-Darby canine kidney (MDCK ) cells exhibit scattered and motile phenotypes on HGF treatment, which are not related to mitogenesis [11] . In the present study, we used the newly established rabbit proximal tubular cell line PT-1 to characterize HGF action. Multiple morphological and functional properties of PT-1 cells are consistent with those of differentiated proximal tubular epithelial cells (R. W. Grunewald et al., submitted). The present study shows that in PT-1 cells HGF acts not only as a mitogenic factor but also as a differentiation and morphogenetic factor promoting tubulogenesis and tubular cell differentiation, and that these pleiotropic effects involve different intracellular signal transduction pathways.
Materials and methods

Peptides and chemicals
Human recombinant HGF was obtained from R&D Systems ( Wiesbaden, Germany).
[125I ]HGF was labelled and purified by HPLC as previously described [12] . Epidermal growth factor ( EGF ) and insulin-like growth factor-1 (IGF-1) were purchased from Saxon (Hannover, Germany). Geldanamycin, genistein, herbimycin A and the stable erbstatin analogue methyl-2,5-dihydroxycinnamate (MDC ) were purchased from GibcoBRL (Eggenstein, Germany) and dissolved in dimethylsulfoxide (DMSO). An equivalent amount of DMSO was added to the culture media of control cells.
Cell culture
PT-1 cells originally were derived from microdissected prox- 1 h in 1% osmium tetroxide/PBS and dehydrated through a and demonstrate apical microvilli and lateral tight junctions, graded series of ethanol. For transmission electron microas shown by electron microscopy ( Figure 1 ). As previously scopy ( TEM ), specimens were then processed through a described [13] , PT-1 cells were grown in tissue culture flasks series of propylene oxide/epon, incubated overnight in 30% (75 ml, Falcon) at 37°C in a humidified CO 2 incubator (92% propylene oxide/70% epon and the next day embedded in air, 8% CO 2 ). The complete medium for cell maintenance epon. Epon was allowed to polymerize for 60 h. Ultrathin consisted of Dulbecco's minimal essential medium (DMEM ) sections were stained with 2% uranyl acetate and 2% lead containing 1 mg/ml G-418, 100 U/ml penicillin, 100 mg/ml citrate and examined in a EM10 Zeiss electron microscope streptomycin, 5 mM glutamine and 10% fetal calf serum (Oberkochen, Germany). For scanning electron microscopy (FCS), and was changed three times a week. To characterize (SEM ), specimens were critical point dried from CO 2 , sputthe biological action of HGF without influence of serum ter-coated with 20 nm gold-palladium (Sputter Balzers growth factors, cells were grown under serum-free conditions Union MED 010) and inspected in a Zeiss DSM 962 scanning in DMEM supplemented with transferrin (5 mg/ml ), triiodo-electron microscope (Oberkochen, Germany). thyronine (5 pM ) and cortisol (50 nM ). Under these conditions, cells could be kept alive for 5-7 days with minimal further proliferation.
[125I]HGF binding studies
Binding assays were performed with PT-1 cells which had Electron microscopy been cultured for 3 days to early confluence. Initially, cells were washed twice with PBS and once with binding assay Cells grown on filter membranes were fixed in 2.5% glutaraldehyde, 0.1 M cacodylate buffer, 1% saccharose at pH 7.4, buffer consisting of 50 mM N-(2-hydroxyethyl )piperazine-N∞-(2-ethanesulfonic acid) (HEPES ), pH 7.4, 120 mM and sterilized according to the manufacturer's instructions.
A stock bead suspension was prepared (25 mg beads/ml in sodium chloride, 5 mM potassium chloride, 1.2 mM magnesium sulfate, 10 mM calcium chloride, 10 mM dextrose, serum-free DMEM ) and stored at 4°C until needed. To start bead culture, 2×106 cells were seeded into 100 mm2 plastic 15 mM sodium acetate and 0.1% bovine serum albumin (BSA). Cells were incubated with [125I ]HGF (20 000 c.p.m.) Petri dishes in 20 ml of DMEM containing 10% FCS. After 2 days, when the cells were 80% confluent, beads were and various concentrations of unlabelled HGF [10 pM-0.1 mM ]. In preliminary experiments, the pH optimum of added at 5 mg/ml. Cells were allowed to attach to beads for another 2 days. Prior to the beginning of the motility assay, binding was found at 7.4, with a steady-state after 2 h at 23°C. This condition was used in all further experiments. At beads were washed twice in serum-free DMEM and cells were counted with a Neubauer haemocytometer after lysing the end of each experiment, cell monolayers were washed three times in cold PBS containing 0.1% BSA. Cell bound cells in 0.1 M citric acid and staining nuclei. The bead suspension was adjusted to 2×105 cells/ml in serum-free and free activities were counted in an automatic gammacounter (Berthold) with 70% efficiency. Specific [125I ]HGF DMEM, and 0.5 ml aliquots were placed in 2 cm2 wells in 24-well plates. HGF alone or in combination with various binding was determined by subtracting the amount of radioactivity bound non-specifically in the presence of 0.1 mM concentrations of PTKIs was added to the wells and incubated at 37°C for 24 h. After 24 h, plates were rinsed three unlabelled HGF. To calculate the affinity and numbers of HGF receptors, Scatchard analysis was performed using a times with PBS to remove beads from the Petri dishes, and the remaining attached cells were Giemsa stained. Cells were computer-assisted curve-fitting program as previously described [13] .
counted by light microscopy (Zeiss IM ) using 10× magnification. Data were expressed as cells per mm2. Using this approach, 100-150 migrated cells per mm2 were obtained in
Mitogenicity assays
unstimulated controls.
Cell proliferation was studied under defined serum-free conditions. Cells were seeded in 6-well plates (Falcon) at 1×105
Scatter assay cells/ well and incubated with various concentrations of HGF alone or in combination with the protein tyrosine kinase A modification of the previously described scatter assay for inhibitors (PTKIs) geldanamycin, genistein, herbimycin A MDCK cells was used here for PT-1 cells [15, 16 ] . A total of and MDC. As found in preliminary experiments, 1 nM HGF 5000 cells were seeded in 150 ml of medium (DMEM, 10% yielded maximal cell growth stimulation, which was not FCS) into each well of a 96-well microtitre plate. Cells were significantly enhanced by higher concentrations. Thus, we incubated for 2 days, allowing the formation of small colondecided to use 1 nM HGF for all bioassays. PTKIs were ies. HGF was serially diluted by a factor of 2 (starting with given at various concentrations as indicated. Cells were 1 nM HGF ) in 150 ml of serum-free DMEM. A 150 ml grown for up to 7 days, changing the medium daily. To volume of PTKIs at different concentrations was added to quantify cell number, cell monolayers were rinsed twice with the HGF dilution series. After washing cells three times in PBS and incubated for 5 min with trypsin-EDTA. Cell num-DMEM, the PT-1 colonies were incubated with 300 ml of the bers were determined using an electronic counter (Coulter final solutions at 37°C for 20 h, fixed in 70% methanol and Counter, Krefeld, Germany). To study the effect of a short stained with Giemsa. To determine the effect of HGF on time of incubation with HGF on cell proliferation, a nonscattering, cells were scored semiquantitatively essentially radioactive cell proliferation assay (CellTiter 96TM, technical following the protocol of Rosen et al. [14, 16 ] . bulletin, #TB112, Promega Corporation, Madison, WI ) was used, yielding results comparable with the [3H ]thymidine incorporation assay.
Statistical analysis Morphogenicity assays
Unless indicated otherwise, data are presented as the mean (±SEM ) of 4-10 independent experiments. Statistical anaCells were seeded in 6-well plates (105 cells/well ) and incub-lysis was performed using the one-tailed Student's t-test for ated for 48 h under serum-free conditions with 1 nM HGF unpaired data. A P-value of <0.05 was considered statisticalone or in combination with the indicated PTKIs at various ally significant. concentrations. The number of tubular structures per mm2 was monitored by light microscopy and later normalized to the cell number. When PT-1 cells were cultured in 3D collagen gels, HGF also induced tubulogenesis; however, it Results was extremely difficult to distinguish cytoplasmic processes from growing tubuli and from intermediate structures. As
Binding of [125I]HGF to PT-1 cells
we could clearly see differences in 2D culture plates between HGF-stimulated cells and controls with respect to cell shape As shown in Figure 2A , [125I ]HGF binding was inhibchanges and the tendency to form 'lumina', we preferred the ited by increasing concentrations of unlabelled HGF 2D assay to quantify the tubulogenic effect of HGF. To (IC 50 : 1±0.5 nM ). Scatchard analysis ( Figure 2B) assess tubulogenic differentiation further, the number of demonstrated 68 500±3000 HGF binding sites per cell.
microvilli per 100 mm2 was determined using SEM.
The dissociation constant (K d 2.5±0.2 nM ) confirmed high binding affinity. Although the first three data Motogenicity assay (microcarrier bead assay) points might be interpreted as a different class of binding sites, computer-assisted curve-fitting calculated
Microcarrier bead motility assays were performed as previa one-site model with higher statistical probability ously described [14] . Cytodex 2 collagen-coated microcarrier beads (Pharmacia no. 17-0484-01) were hydrated, rinsed (P<0.05). 65±2%; genestein: 0.1 mM, 97±4%; 1 mM, 92±4%; 10 mM, 77±3%), whereas MDC did not affect control cell growth (1 mM, 99±3%; 10 mM, 93±5%; 100 mM, Stimulation with 1 nM HGF increased migration from 112±11 cells/ mm2 (serum-free control ) to 205±15 cells/ mm2 (P<0.01; Figure 3B ). Comparably with the Mitogenicity assay mitogenicity assay, PTKIs inhibited HGF-induced cell As measured with the non-radioactive cell proliferation migration in a dose-dependent manner with the same assay, 4 h incubation with 1 nM HGF stimulated PT-1 range of potencies ( Figure 4B ). cell proliferation 1.4-fold (P<0.05 vs serum-free controls). After 48 h incubation with 1 nM HGF, cell Scatter assay number was increased by 1.8-fold compared with serum-free controls (P<0.01; Figure 3A ). PTKIs HGF induced scattered phenotypes of PT-1 cells specifically inhibited HGF-induced cell growth in a ( Figure 5 ) which were markedly inhibited by all PTKIs dose-dependent manner with different potencies. tested. The effects of PTKIs on HGF-induced scatGeldanamycin showed the highest potency, yielding tering were consistent with the inhibition of HGFhalf-maximal inhibition of HGF-stimulated cell growth induced proliferation and migration. already at 0.01 mM. Herbimycin A, genistein and MDC showed comparable effects at 20-, 1000-and 5000-fold Morphogenicity assay higher concentrations ( Figure 4A ).
Non-specific cytotoxicity of the PTKIs was excluded As assessed by SEM, 1 nM HGF increased the number of microvilli on the apical cell membrane of PT-1 cells by incubating cells with PTKIs in the absence of HGF (n=6). Geldanamycin inhibited growth of serum-free ( Figure 6 ). In serum-free controls, 115±12 microvilli were counted per 100 mm2 cell membrane area. HGF cultured control cells in a dose-dependent manner (0.001 mM, 93±4%; 0.01 mM, 78±3%; 0.1 mM, stimulated microvilli formation to 163±32/100 mm2 (P<0.05; Figure 3C ). Additionally, HGF increased 65±5%). This inhibition was significantly weaker than that of HGF-induced PT-1 cell growth. Herbimycin the number of tubular structures seen in the light microscope from 95±14/1000 cells(serum-free control ) and genestein showed only minimal non-specific inhibition of serum-free cultured control cells (herbimycin to 212±35/1000 cells (P<0.01; Figure 3D ). The number of microvilli per 100 mm2 and the number of A: 0.01 mM, 100±4%; 10 nM, 78±3%; 100 nM, tubular structures normalized for cell number did not multiple intracellular pathways. It has been shown that upon stimulation with HGF, c-Met is autophosphorylvary significantly with different PTKI concentrations until a toxic PTKI dosage was used ( Figure 4C and ated and binds via a multifunctional docking site to a number of intracellular proteins containing src homo-D), indicating that HGF-induced formation of tubular structures and microvilli could not be inhibited spe-logy 2 (SH2) domains, including pp60c-src [7] , phosphocifically by the addition of PTKIs.
inositol-3 (PI 3 ) kinase [19, 20] , a tyrosine phosphatase [21] , Ras-GTPase-activating protein [22, 23] and the Ras-related proteins Rho and Rac [24] . So far, for Discussion most of those pathways, it is not known to which biological responses to HGF they belong.
To test whether the biological effects of HGF in PT-HGF exhibits diverse biological effects on a variety of 1 cells may involve different intracellular pathways, we target cells via high affinity binding to the c-Met receptor investigated the modulation of HGF action by geldanawhich represents a protein tyrosine kinase [5, 6, 17] . Low mycin, genistein, herbimycin A and MDC, all known affinity HGF binding has been attributed to cell surfaceinhibitors of tyrosine-specific protein kinases. The most associated heparin-like molecules [18] . Our binding important finding of this study is that all PTKIs studies in PT-1 cells demonstrated high affinity binding.
significantly inhibited the effects of HGF on PT-1 cell The Scatchard plots were best fitted by a one-site model, scattering, migration and proliferation, whereas, in indicating a single class of binding sites. Performing contrast, the effects of HGF on tubular cell differentianti-phosphotyrosine immunoblots, a phosphotyrosineation were not influenced. Among other modes of containing 145 kDa peptide could be demonstrated action, the common feature of the PTKIs used in our which most likely represents the transmembrane bstudy is the inhibition of pp60c-src, a non-receptor subunit of the c-Met receptor (data not shown).
tyrosine kinase [25] [26] [27] [28] [29] . Performing anti-phosGiven the complex biological response, the signal transduction by the c-Met receptor is likely to involve photyrosine Western blots in HGF-stimulated cells, we found a significant reduction of a 60-70 kDa phos-to mediate the stimulatory effects of HGF on proximal tubular cell differentiation. To elucidate a possible role phorylated protein band by co-incubation with PTKIs. This protein band could be immunoprecipitated by for PI-3 kinase in mediating HGF-induced tubulogenic differentiation, we are studying at present the effects antibodies against pp60c-src(data not shown). pp60c-src is involved in cell growth control via the MAP of several PI-3 kinase inhibitors in our model. Our preliminary experiments using the PI-3 kinase inhib-(mitogen-activated protein) kinase signal transduction pathway, resulting in nuclear transcriptional activation itors wortmannin and LY 294002 showed no inhibition of HGF-induced PT-1 cell proliferation, which is con- [7, 29, 30] . Our finding that in PT-1 cells geldanamycin and herbimycin A exhibit a higher potency than sistent with our hypothesis.
In conclusion, using the rabbit renal proximal tubugenistein or MDC to block the growth-promoting effects of HGF is in accordance with earlier reports lar cell line PT-1, we demonstrated that HGF (i) binds to a single class of high affinity binding sites, (ii) [26] [27] [28] . Thus, we conclude that in PT-1 cells pp60c-src may be essential for mediating the mitogenic response induces a scattered phenotype, (iii) acts as a growthpromoting factor and (iv) induces tubulogenic cell to HGF. On the other hand, in MDCK cells, the motility/scatter signal has been shown to require the differentiation. Using PTKIs interfering with pp60c-src activity, the mitogenic but not the cell differentiating activation of Ras [23] which in return interacts directly with the p85 subunit of PI 3 kinase [31]. The pp60c-src-action of HGF could be antagonized effectively. This indicates that HGF exerts its stimulatory effects on interfering PTKIs used in our study are not known to inhibit the PI 3 kinase pathway but still potently inhibit tubulogenic cell differentiation by pp60c-src-independent intracellular signalling pathways. Our experimental HGF-induced PT-1 cell migration and scattering. Thus, we conclude that in PT-1 cells, in contrast to approach should be useful for identifying the signalling cascades that are crucial for the multiple biological MDCK cells, not only cell proliferation but also cell migration and scattering depend on activation of effects of HGF in renal proximal tubular cells.
Understanding the mechanisms underlying HGF pp60c-src. On the other hand, as none of the PTKIs inhibited the tubulogenic effects of HGF in PT-1 cells, action could provide the basis of a future therapeutic application of HGF in acute renal failure. a pp60c-src-independent signalling pathway is suggested
